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LNTRODUG TION 


while the normal operating, condition of a carburetor 
engine is with throttled intake (exeert for maxinum rower), 
the air intake of a compression-lgnition engine ia not throt- 
tiled under ordinary conditions since the control of power 
ig accomplished by varying the volume of the fuel charge. 
However, certain types of inatallationa impose restrictions 
in the intake system which produce a considerable throttling 
effect. Gommon examples of this effect are found in the 
wae of air cleaners, the long ani restricted induction 
Systems of submarines or in the oneration of Diesel engines 
at high altitudes. I1t was to determine the effect of these 
comiitions unron the operation of the engine that the sub- 


ject investigation was undertaken, 
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A four-cylinder, four-cycle Csterrillar D-4400 Diesel 


engine, having a 4-1/4-in. bore, 5-1/2-in. stroke, 312-cu in, 


piston displacement, a 16:1 compression ratio, waa direct- 
connected to a 5O-hp eleetric cradic dynamometer. The air 
induetion system consisted of a 1-1/2-in, diameter bell- 
mouthed orifice inserted in ons end of a 30-g81 steel drum 
used a5 a Surge tank. Connecting the surge tank to the 
Sir clesner installea at the eoneine intake manifold vaa 
an G-ft section of 2-1/2-in. inside diameter vipe together 
with a short gection of rubbar hose, A pate valve vas in- 
gerted in this lines near the exit from the surge tank to 
act as the intake air throttling valve. An inelined man- 
ometer (Ellison draft gauge) was used to measure the vres- 
gure drop across the orifiee ani thereby measure the rate 
of airflow through the orifice. A 195.5 ml burrette was 


installed for measuring fuel consumption. <A three-way 
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valve in the fuel supply line to the fuel injection pumps 
transferred the fuel supply from the regular engine fuel 
system to the burette during fuel consumption runs. A 
synchronized revolution counter and e¢leotric timer served 
to count the number of revolutions made and the elapsed 
time of each run. The jJacket-cooling ayatem was not chanced 
aud water teuperature was controlled by the remular radi- 
ator and fan. <A chromel-alumel thermocourle in a quarts 
radiation shield was installed in the exhaust rire beotreen 
the exhaust manifold and the muffler, The 6-in, lonc, 
l/4ein. inside diameter quartz tube open at both ends vro- 
jected into the center of the exhaust nine. The therro- 
eoupnle junction was located 1/4 of an inch inside the inner 
enc of the quarts tube. The difference in vreasure be- 
ween the exhaust gasea ani the atrosgvhere caused the hot 
gases to sween through the tube and by the therrocourle 
with a moderate velocity. The exhaust gsa samnline con- 
nection waa made at the Junction of the exhaust manifold 
and the exhaust pipe. Views of the exverimental setun 
are shown in rigs. 1, 2 and 3 which follow thie section. 

A high-grade Diesel fuel was uaed for all runs. 
This fuel had a viscosity at 190° F, of 49 seconds Say- 
DOlt Universal; its specific eravity at 67° F. was 33,2” 


A.e?eI.3 and ite cetane nurber wae greater than 45, 
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PIG. 1. A Vleu OF THE LAPT SIDE OF PHE LNGINE. 


Ae fuel measuring burrette. 
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ids Three-way GOOCH « 


Ge “uel throttle or governor control lever. 














UW 





A Vi OF Tin SETUP FROK THE RIGHT SlDe OF ERGINE., 


=sxhnaust @as sample connection. 

“xheust temperature thermocouple position. 
\iremetering orifice. 

intake air throttling valve. 


Draft gauge measuring, preagure drop across orifice, 





FIG, 3. A VIG OF THE EXNAUST GAS COLLECTING AND ANALYZING 


APPARATUS. 


A, Orsat apparatus taking a 100 ml sample, 

B, Collecting, and mixing tank. 

Ce Connection from exhaust manifold of encine. 
D, Vent. 

ee Yater supply. 

FF. water drain. 


G. Connection to Oraat arparatus, 





PIG. 3. A VIGS OF THE EXHAUST GAS COLLECTING AND ANALYZING 


APPARATUS. 


hie Orsat apparatus taking; a 100 ml sample, 

5H, Colleacting and mixing tank. 

Cy Connection from exhaust manifold of enine. 
D, Vent. 

x. water supply. 

FP, Water drain. 


G. Gonnection to Oragat apparatua, 


The primary purpose of this investigation was to de- 
teruine the variation in fuel consumption for a constant 
load ami sreed when the charge efficiency was varied by 
throttling the air intake. Of secondary importance was 
the effect of reduction in charge efficiency unon the 
exhaust temperatures, jacket-cooling water temperatures, 
detonation and soot formation. 

Huns were made at 900 rpm and 1500 rom, brake mean 
effective pressures of 60, 45, 30 anf 15 lb/sq in., and 
charge efficiencies, referred to dry air at 68° F. and 
14.7 lb/sq in., of from .60 to approximately .90. 

Before starting rune the engine was brought up to 
operating teeperatures. The governor was set to give 
the desired speed; the field and armature rheoststs 
were adjusted to give the desired lone; and the air in- 
take throttle was adjusted to allow the induction of the 


desired amount of air. hen the enwine had settled dom 
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to steady operating temreratures the valwe tn the fuel Tine 
was shifted so that the encine was taking, fuel from the 
burette. “hen the fuel level in the burette passed the 
upper marx a awitch was closed which started the electric 
timer and inserted the revolution counter. «hen the low- 
er mark was nassed tho switeh was oponed, stopping the tin- 
er and the revolution counter. The air temverature at 

the orifice, Jjacket-cooling water temmerature, fuel tem- 
perature, exhaust fas temperature and reafing of the prer- 
gure drop across the airemetering orifice were recorded 
during the run. ‘The exhaust gas gample was aiso collected 
during the run and analyzed immediately using the atandard 
Oreat apparatus. After a run *aa comcrleted the fuel sup- 
ply to the engine waa shifted back to normal and the bur- 
ette refilled. 

The quantity of air sumplied waa sommted from the 
barometric pressure, air temoerature and pressure drop 
acroge the orifice. This figure waa oonverted to charire 
efficioncy referred to standard conditions (dry air at 
68° F, and 14.7 lb/aq in.) and is reeorded as such, The 
effect of atmoapheric humidity was found to be neglifible. 
The capacity of the fuel burette was converted to pounds, 
using the fuel temperature to obtain the eorrect fuel dens- 
ity; ana the fuel sonsumption was recorded as pvounis of 


fuel per revolution. 
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[oot formation was measured by using the Ackermann 
Combustion Triangle {1]. The diagram is entered with rer 
cent carbon dioxide and per cent oxygen in dry exhaust fas 
as arguments, Soot is reeorded as that fraction of the 
earbon in the fuel which is not burned. 

ihe alr temperature at the air-meterings orifice was 
measured with a mercury thermometer, The fuel tesperature 
wags obtainsd by means of a copper-constantin thersoccurle, 
Jaoket-cooling water temperature waa given by the regular- 


ly installed thermometer. 





[1] G. Ackermann, Or. ing, 


formahian ~ 


Forshungsheft 366 ~ Vay June, 1934. 
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SAPLANATION Of Teor GUAVING 


The ragulta of this investigation are shown in Figs. 
4 to 7 imeclusive, Fis. 4 shows the relation between fuel 
Consumption and charge efficiency for different brake mean 
effective pressures and constant speeds of 3°09 and 1300 
rpm. 4 Fig. 5 shows the relation between fuel economy and 
Gharge efficiency for different braxe mean effective pres- 
sures and conetant speeds of 900 and 1500 rom. Fig. & 
ond Fiz. 7 show, respectively, the relation between ex- 
haast temperatures and charge efficlency and between un- 
burned carbon in exhaust and charre effictensy for dif- 
ferent brake nean effective preesuresa at 9OO rpm. 

Fic. 4: ~ These curves present in granhical form 
the major portion of the investigation. In addition to 
ahoting the relation between fuel consumption and charge 
efficlency it shows the relation between each of the fore- 


Going ami air to fuel ratio (per cent theoretical air). 
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Tre dashed and full lines show the variation in fuel cone 
sumption with change in speed. The incresents of brake 
mean effective preasure chosen represent Pull load, three- 
quarter lood, half load and one-quarter load contlitions. 

Fim 5: - Fig. 5 presente the same data as Fig. 4 
in more conventional units aml ina alightiy different form. 
Hewever, i¢ waa not possible to present in this figure the 
lines of conateant per cent theoretical air. 

Fig, 6: - The actual values of exhaust temperature 
Preeented in these curves are not particularly significant 
pecause the design of the thermocouple was not intended 
to producd’ extrenely accurate results. However, the man- 
ner jun which the ternporature varied with charre efficiency 
for the Aifferent brake mean effeetive prensures ina cone 
Sidered both interesting, and significant. 

Pife f+ - *reee curves ore inberenting in that they 
anow the effect of charce efficiency ami loreal upon the 
eompletenese of combustion of the fuel, 

@ eOxtent of the curves in all the ficures from 4 
to 7 @a5 limited by the following conditicns: The charge 
effielency eould not be materisily reduced below a value 
ef .6C beens of the severe detonation which re@ulted. 
The upper limite of charge efflotenny represent unthrot-~ 
tled conditions. The 60 lb/sq in. vbrake mean effective 


pressure curves Were terainatead when the fuel pump reached 
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The fTwel conaumrtion of an internal combustion ensine 
4g affects? by the load, aneed, charge dilution, friction 
losses, losses to jacket-cooling water, losses to exhaust 

gases, pumping losses, air to fuel ratio, atmosnheria tem 
perature, preasure and humidity, the lenition and combus- 
tion of the fuel. Since this Investigation was conducted 
in such «a way that the speed and Lead fan maintained con- 
stant for any single run and since the atmospheric ten 
oo pressure and humidity remained substantially 
@onstant for all runs these factors can be subtracted from 


the list of vartlables. 





Charge diliution ia caused by the 
peat Sai exMaust gages which remain in the clearance apace 
at the ond of the exhaust atroke, The volume of these gases 
ia ¢eonstent but their welent ia dependent upon the exhaust 
pressure and temperature. As the load ia increased the 
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exhaust pressure rises tending to increase the weieht of 
the residual gasea, At the game time the temvorature 
rises tendi:y, to decrease the weight. The exhaust gases 
as they mix with the incoming charge increase its temper- 
ature, thereby decreasing the charge efficiency for a 
Given suction pressure. The adverse effect of charge di- 
lution upon the thermodynamics of the cycle is to inhibit 
eombustion by decreasing the ratio of oxywen in the charsce 
to the mitracen and carbon dioxide present. Thies adverse 
effect lnecressen with decrease in charge effictensy and 
Rigo With decrease in alr to fuel ratio. In the firat case 
tlie asount of oxygen brought in by the fresh charge is 
reduced; and in the aecoml, there is less oxyeen and 
more @arbon dioxide remaining in the résidual gases. 
begause compresslon-lgnition engines have relatively small 
clearance volumes and onrerate with considerable exceas 
air charpe,dllutio:n 1a much less important than in ear- 
puretor encines, ; 

Priction lossgeg. Friction losees are functions of 
engine speed ant piston pressures and increase with an 
imereage in either of the two. Gineé the influence of 
other factors la iikely to be small amd since the brake 
mean effective pressure and snvseds were maintained con- 
stant for each run it is believed that the friction losses 
for vach run remained substantially constant. 


: q 


ee 
eh tt hh he ee wb ee lon 
ee ee 
eee A ae tS age ode ao Ale als 
* (2 peeiet(*)) §or WY etter Gove 

-) Ges Dee et oO 5 eee wocialg 
orl @ 64 Slee Ww 14 ete eee! oe ee 
ee ae ee ee ee 
en a ee 
ATS Se ok A 1 ere, 
ore oh tee Seee 6) ate «€) See 
b ee eer ew Yet (ere gee LP 
Ol i ee ee 
























teed 


. 









; my Lae et nF nln zemey HAteett 
hh heed aet pet Ramee em LEM me Teme tee apm 
s ne alla mee 2ite enters le (ae 
RL a metres feet ire mk et tank te, 
7 : | 
- We pended ets cme lie tat mame. ne AR 











MS enero be errr dtl) Gee hare 
EA OA weet i Nh ede ah 

lh Mant ee she at of (ive! of veel 
a mud gdh en le 


MRANE? td beer Ration 04 4) cam — 1! 
» (Aiatieem Yea tebe a ee 





_ 






— 


19 


Loases to cooling water. If the heat release within 
the cylinder is kept constant (viz. constant fuel charge), 
and, by throttling, the alr charge is decreased, the re- 
sult wili ce an increase in the temrerature of the come 
bustion gases during the power and exhaust stroxes., This 
ig due to the fact that there is a leaser veifght of com- 
bustion sroductsa to absorb the given amount of heat. The 
erfect cf increased specific heats mami dissociation at 
high temneratures work in the direction of decreasing the 
temperature but are overshadowed by the mass effect.  iLnee 
the temoerature during the Intake stroke will be relative- 
ly unaffected, the net result ia to increase the average 
temperature during the cycle with increased throttling of 
air. The average pressure during the eyele, for a given 
brake mean effective rreagure W111 remain substantially 
constant regardiesa of throttling. Then, since the loss 
of heat from the gages to the eylinder walls are propyor- 
tional to (pep) L/S [1], the leases to the coollnc rater 
Wi1L be inereased with inereased throttling of air. 


exhaust mages Since, a8 Yao shown above, 














C1] Nusselt, *ilhelm, ver "armetiborgang in der Verbren- 
mugskraftrmanchine, reft 
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the gases of combustia. are hotter for inercasead air throt- 
tling, it follows that the loss to te exhaust easea wiil 
be greater. 

Puapine ep. One effect of a throttle intake 
on the indicator eard of an engine is to lower the suc- 
tion line. Sinse the exhaust Line will be affected vory 
Little, the resulting nerzative loor formed by the exhaust 
and intake atrokes will become larger. This arsa repre- 
$6nta the pumring losses, and with increased throttling 
may become fatriy larre. 


Air to fuel ratio. For a given fuel inout, reducing 





the air charge results in a decrease in the air to fuel 
ratio, whieh in turn will reduce the eyele oeffictency [1]. 
The effect is much more pronounced at lower valuce of air 
%o fuel ratio, the efficiency curve flattening out conald~ 
Grably at about 309 ner sent theoretical air. 


4 
: ‘ m 
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sure st the beginning of the compression stroke will cause 


LOM. The reduction in the pres- 





a reduction in the compression pressure and temrerature, 


which will sffect the lenition and combustion of the fuel, 


“ 











[1] GA. Goodencsugh and J.3. Baker, “A Thermodynamic 
Analyais of Internal Combustion Engine Cycles’; 


Bull, 160 of the inn, Ja 
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This, in turn, will affect the share of the indicator dia- 
gram ant the thermodynamics of the workings process. 

It was not found practicable to f1% enzine indicators 
on the engine used in the inveatigation; and without ine 
Gicator diartrams to give aome idea of the way in which 
combustion takas place, it 1g almost impoasiblo to discuss 
the effect of throttling alr intake upon the thermodynan- 
ie @ycle., It would be Inadvisable to apply conclusions 
eoneerning ignition delay and rate of preasure rise drawn 
from any one engine to another engine in which the proceas 
of injection ani Gistribution of the fuel is not exactly 
Similar. Judge ({1] lists the factors which will deerease 
the ignition delay and inerease the speed of combustion 
235 

(1) ‘dnerense in turbulence; 

(2) dinerease in compression vresaure; 

(3) autSercharging 

(4) doped fuels. 

Sinee throttling the air tntake reduces the comrcreasion 
pressure and is the inverse of aupercharging it may be 
aedumed that it will increase the Ignition delay ami af- 


[1] Aww, Judge, "“Nigh-Gnpeed OLesel Engines". Chapter 





On combus tion. 








7 _ ’ “i 


D 

















4)? ese? ot oe oe ea SDP pee at" 
Hemmer Teper st YF malinanretimarrimss fen Sale 
ree ewe TT bo omer) Reed fee Lr 2? 
ee ee 
whe ht oe SY Je et) oe —o @ eee 
eownll G Sidfeene®? treet es (6 2) Sete bee eee 
ee es eee ee 
Geicaleew thee or “leediybair ow Wloee ar 
comets eels Sreterer Je coer Le wld oie! 
Ce ee ee ee ee ee 
det el Neel a me el eet ered ce 
Steele Wk PHAN es alels UF vet © 
id 90 ee we cere ak oddball 
i o 
—_—_———_—a iid ao ene 11 
5 Sever te eee 2! er let 
oo vem rare ee 
-_— Aver ieee 8S 
PN HF meme mates yee mas efi emmy ee 
a se ly 1) ee eat ee 
; at OFT Lmgt Tal Vereeees heme oP que 


—— ®S 
is 


(me ornare ont A # 
 « ee | 






















































> 


fect. the combustion process alversely,. 

Gonfiraing this asaumption, °.U, Schweltzer's work [1] 
on Jlesel knock, in which the sir intaxe of a compreasion- 
l@nition engine was throttled, revealed that under throttled 
comitions the peak yvressures woredccresasecé although the 
rate of pressure rise (the governing factor in detonation) 
ineresased, The ignition delay was also inoreased. The 
result of this reduction in peek cresaures ant inorease in 
Loenition delay would be a decresae in the average expaRusion 
ratio of the engine, thereby decreasing the efficiency of 
the oyele. 

Sumpayy. On the basie of theoretical arnsidorations 
and the results of previous investigations itt has been 
shown in the foregoing discussion that a decrease in charge 
efficiency increases losses to asoling water, loases to 
exhaust gases and pumping losses. It also increases charpe 
dijution, air to fuel ratio, lgnition delay ani speed of 
Gombuation, and thereby decreases the cycle efficiency. 

The drop in cycle efficiency due to these effects is sore 
rapid under full load than under light load conditions. 


‘a, che exrerinmental 





results shown in the curves of Figs. 4 and 5 are in ren 





{1} PN. Sehwettrer, “Diesel Knock"; 
tech, ners. Nov. 1935. 
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eral agreement with the above theory and vrevious invea- 
tigations. fhe slope of the curves for low brake sesn 


effective pressures is relatively flat but shows a def- 


(D 


inite inerease in fuel consumption with decrease in charg 


efficiency. thile for high brake mean effective rreasures 


ct 


he glove increases rapidly with decrease in charge ef- 
ficiency. 

The ineréase in temperature of the exhaust gases shown 
in fic. 6 substantiate the atatement that losses to exhaust 
g@asea incrsase with decrease in charge efficiency. 

There was noted, but not recorded elsewhere in this 
report, a definite increase in jacket-csooling water tem- 
porature with decrease in charge effictieney. The rises 
in tecperature during the 990 rom runs from the unthrot- 
tled to the lirit of the throttied alr intake comiitiona 


vere as follows: 


(1) for a bmen of 15 lb/acq in. ae Ws 
(2) for a bmep of 39 ib/se in. 5° ¥F,; 
(3) for a bmep of 45 1b/sq tn. 7 Fei 
(4) for a bmep of 69 1b/ss in. gr, 


These resuits agree with the statement that there would be 
greater losses to the jacket-coollns water with decrease 
In charge efficiency. 

1% will be noted in Fle. 7 that as the cherge effic- 
lenecy decreased there was an inorease in the completeness 


ef combustion of fuel, which was greater under light load 
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conditions than under fullload conditions. YTRis would 
counteract to some extent thie aiverse effects uvcon eyele 
efficiency of decrease 1h charge efficiency; and may ex- 
plain the flatness at low loadsa of the fuel consumption 


curves in *igsa. 4 and 5, 
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Me throttling of the alr intake of as pre-combuation 
chamber Viesel engine delivering a constant horsepower 
output at constant speed crentes the following effects: 

(1) Decreases the overall effitetency and fuel econ- 
omy of the enrine. 

(2) Inereases the heat losses to the exhaust gases 
and to the cooling water. 

(4) Inereases the pumping losses. 

(4) Vetraectsa from the smoothness of runnins of the 
engine and when the charge efficilenay is auffisiently 
reducad causes severe dotonation, 


(5) Inereases tenition delay. 
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